A wind farm consists of a large number of small wind turbine generators (WTGs) whilst a thermal power plant consists of a small number of large generators. To maintain high quality and high reliability of electrical energy, the wind farm should have the same performance as the thermal power plant in the transient state as well as in the steady state. The wind farm shows similar performance to the conventional power plant in the steady state due to the advanced control technologies. However, it shows quite different characteristics during fault conditions in a grid or at an inter-tie. This gives significant effects on both the operation of a wind farm and the power system stability. This paper describes an analysis of response of a wind farm during grid/inter-tie fault conditions. During fault conditions, each WTG might produce different frequencies in the voltage. These result in the non-fundamental frequencies in the voltage and the current of a point of common coupling, which is called by "beats". This phenomenon requires careful attention on control technologies of a WTG to improve the characteristics in the transient state such as a fault ride-through requirement. Moreover, it may cause difficulties in protection relays of a wind farm. The response of a wind farm for various fault and wind conditions of each WTG was analyzed using a PSCAD/EMTDC simulator.
Introduction
The Kyoto Protocol on climate change, which formally came into effect on December 1997 to reduce the emission of the greenhouse gases, represents a significant political and environmental international regime [1] . Thus, most countries have tried to make use of renewable energy resources, such as wind energy, solar energy, bio-energy, hydraulic energy and so on, not only to meet the increasing demand for energy, but also for environmental reasons. Among renewable energy resources, wind power generation has become the most promising alternative due to its significant technical advances and financial viability for the last decade [2] . The global installed capacity of wind power has increased significantly over the past several years and the installed capacity of wind power reached 150 GW in 2010 [3] . In addition, a more and more large-scale off-shore wind farm has being been built to minimize the production cost and the adverse effects on the power system operation and stability. Korea has also started to construct a 2.5 GW off-shore wind farm on the western coast until 2019. As the penetration level increases, more reliable operation, control and protection systems for the wind farm as well as a power system are required.
To maintain high quality and high reliability of electrical energy, a large wind farm should have equal performance to a conventional thermal power plant in the transient state as well as in the steady state. In a wind farm, a large number of wind turbine generators (WTGs) with small inertia operate whilst a small number of synchronous generators with large inertia do in a conventional thermal power plant. The wind farm shows similar performance to the conventional thermal power plant in the steady state due to the advanced control technologies. However, it shows quite different characteristics during fault conditions in a grid or at an inter-tie, which gives significant effects on both the operation of a wind farm and the power system stability. Due to the significant difference between a small WTG and a large synchronous generator, the frequency of a small WTG may deviate from the nominal frequency much faster than that of a large synchronous generator. The frequency deviation can result in the non-fundamental frequencies in the voltage and the current at the point of common coupling (PCC) of a wind farm.
Moreover, wind arrives at each WTG with different speeds because WTGs are installed over a large geographical area and thus a WTG can give shadow effects on another WTG. When a fault occurs in a grid or at an intertie, different wind speeds can affect the fault characteristic of each WTG. This means that each WTG might produce the different frequencies in the voltage of each WTG. Consequently, these different frequency components can also result in the non-fundamental frequencies in the voltage and the current of the PCC in the wind farm.
The above mentioned phenomenon is called by "Beat". A Beat phenomenon requires special attention on control technologies of a WTG or wind farm to improve the characteristics in the transient state such as a fault ridethrough requirement of a wind farm. Moreover, it may cause difficulties in protection relays of a wind farm.
This paper describes an analysis of response of a wind farm during grid/inter-tie fault conditions. A Beat phenolmenon in the voltage and the current is analyzed mathematically in a brief form. Then, the voltage and the current measured at the PCC of a wind farm are analyzed under various fault conditions varying the position and type of the fault, and the wind speed, using a PSCAD/EMTDC simulator.
Beat Phenomenon in a Wind Farm
Beat of a wind farm during a fault condition is a very complicated phenomenon to be formulated in a mathematical form because each WTG produces different frequencies increasing continuously at a rate. Thus, this paper uses a simple equivalent circuit shown in Fig. 1 for analyzing the Beat phenomenon in a wind farm. For simplicity, two WTGs are assumed to be connected in parallel, and a fault occurs on the inter-tie. e 1 and e 2 are the internal voltages of WTGs. i 1 , i 2 and i are the currents flowing out from two WTGs and through the inter-tie, respectively. v is the voltage measured at the PCC. In addition, the winding resistance and inductance of WTGs and the inter-tie are denoted by r, RL, L and LL, respectively.
Prior to a fault, frequencies of each WTG are the nominal frequencies. However, when a fault occurs, due to the different wind speeds of each WTG, the frequencies of each WTG become different. Thus, the internal voltage of two WTGs can be expressed by (1) 
In Fig. 1, e1 , e2 and v can be calculated by (3)-(5).
In (5), i is the sum of i 1 and i 2 . Summing (3) and (4) obtains
Substituting v in (5) to (6) gives
A solution of (7) can be expressed by
where, Fig. 2 shows the current waveforms when f1 and f2 are 60 and 61 Hz, respectively. It is obvious that when the frequencies of two WTGs are different, the magnitude of the current has a significant fluctuation. As a result, a Beat phenomenon occurs.
Case Study
To analyze the response of a wind farm during grid fault conditions and Beat phenomenon, a 40 MW wind farm in Fig. 3 , is simulated using a PSCAD/EMTDC simulator. In the wind farm, four power collection feeders are connected to a collector bus, which is connected to the grid through a main transformer, substation bus and inter-tie line. Five synchronous generators, each rated at 2 MW, are connected to each feeder. The length of inter-tie, and the distances between bus A and each grid are 8 km and 50 km, respectively. The sampling rate is 64 samples/cycle. Table 1 shows various fault conditions of the five cases studied in this paper, which vary the fault position and type of fault, and the speed of wind. F1 and F2 faults represent an inter-tie fault and a grid fault, respectively. Three-phase (3P) fault, and single line-to-ground (SLG) fault are considered in this paper. Two scenarios about wind speed are considered. One scenario ignores the shadow effects and thus the wind speeds of each WTG are the same, i.e. 15 m/s. The other scenario considers the shadow effects and thus the speeds of four feeders are different from 12.5 m/s to 15 m/s. The fault occurs at 0.1 s. Figs. 4b and 4d . The frequencies of WTGs and the grid are shown in Fig. 4e . The frequency of the grid keeps constant whilst those of WTGs increase with the same increasing ratio, since these WTGs are driven by the wind with same speed. Due to the difference between frequencies of WTGs and that of grid, a beat phenomenon occurs at the PCC. The magnitudes of the voltage and the current have slight fluctuation, which can be seen from Figs. 4a-4d.
Case 1: Wind Speed (15 m/s), 3P Grid Fault (F2)

Case 2: Wind Speed (15 m/s), 3P Inter-tie Fault (F1)
Case 2 is the same as Case 1 except that the fault is an inter-tie fault. Fig. 5 shows the results for Case 2.
Comparing the results with those of Case 1, although the similar results for the frequencies of WTGs and the grid are obtained, a beat phenomenon does not occur. In this case, the wind farm is totally separated from the grid by the 3P fault. Hence, even though the frequencies of WTGs and the grid are different, no beat phenomenon occurs. Fig. 6 shows the results for Case 3; this is identical to Case 2 except for the fault type. Unlike Case 2, the frequencies of each WTG do not increase but oscillate around the nominal frequency as shown in Fig. 6e . This is because the electrical power is delivered through the other two phases and the frequencies do not increase. In addition, a SLG fault does not separate the wind farm from the grid totally. Therefore, a beat phenomenon occurs slightly. This can be seen by comparing Fig. 6 and Fig. 5. 
Case 3: Wind Speed (15 m/s), A-phase SLG Inter-tie Fault (F1)
Case 4: Wind Speed (12.5-15 m/s), 3P Grid Fault (F2)
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Case 4 is the same as Case 1 except that the wind speeds at each WTG are different due to the shadow effect of wind in a wind farm. Fig. 7 shows the results of Case 4. Like Case 1, the frequencies of each WTG increase and become different from that of the grid. However, unlike Case 1, the frequencies of each WTG increase with different slopes due to different wind speed as shown in Fig. 7 . For the voltage, the beat phenomenon in Case 1 seems more severe than that of Case 4. On the other hand, for the current, the beat phenomenon in Case 4 is more severe than that of Case 1. This can be seen by comparing Fig. 7 and Fig. 4 . Fig. 8 shows the results for Case 5; this is identical to Case 2 except that the wind speeds at each WTG are different. In this case, the 3P fault separates totally the wind farm from the grid as in Case 2. However, the frequencies of each WTG increase with different slopes due to different wind speed as in Case 4. The frequencies of WTGs become totally different from one other. The voltage and the current at the PCC in Case 5 show the more severe beat phenomenon than that of Case 2.
Case 5: Wind Speed (12.5-15 m/s), 3P Inter-tie Fault (F1)
Conclusion
This paper describes an analysis of response of a wind farm during grid/inter-tie fault conditions. During fault conditions, each WTG might produce different frequency components in the voltage. The different frequency components result in the non-fundamental frequencies in the voltage and the current of a wind farm. The response of a wind farm for various fault conditions is analyzed under various fault conditions using a PSCAD/EMTDC simulator. The position and type of fault, and the speed of wind, are varied in these simulations.
This phenomenon requires special attention on designing control technologies of a WTG to improve the characteristics in the transient state such as a fault ridethrough requirement of a wind farm. Moreover, it may cause difficulties in protection relays of a wind farm. 
